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REMARKS/ARGUMENTS 

Claims 1-7 and 15-21 are pending. Claims 1,7, 15 and 21 have been amended. No new 
matter has been introduced. Reexamination and reconsideration of the present application is 
respectfully requested. 

Claim Rejections 

Claims 1-7 and 15-21 are pending. Claims 8-14 and 22-28 were previously withdrawn 
pursuant to a Restriction Requirement and the Applicant now cancels those claims, reserving the 
right to later file one or more divisional applications directed to the subject matter of the non- 
elected/cancelled claims. Claims 1, 7, 15 and 21 have been amended. 

The Examiner contacted the Applicant on August 8, 2006 and August 9, 2006, to discuss 
possible amendments that could place the claims in condition for allowance. In the telephone 
call of August 8, 2006, the Examiner suggested withdrawing the canceled claims and amending 
the language of claims 1 and 15 to recite "providing a detectably labeled probe comprising a 
nucleotide sequence of SEQ ID NO:5 . . . In the telephone call of August 9, 2006, the Examiner 
suggested deleting SEQ ID N0:3 and SEQ ID NO:4 fi-om the claims as SEQ ID N0:5 only 
hybridizes to SEQ ID NO: 1 and SEQ ID N0:2. 

The Applicant has made the suggested changes and respectfully submits that the above 
objections are overcome. 

35 U.S.C. SI 12, Second Paragraph 

The Examiner rejected claims 1-7 and 15-21 as "being unclear" under 35 U.S.C. 112, 
second paragraph. First, the Examiner noted that it is unclear how "represented by" limits SEQ 
ID NO: 5. The Applicant has made the amendments suggested by the Examiner. 

The Examiner also stated that it is unclear how to use a protein microarray with the DNA 
sequences claimed in claims 1 and 15. Applicant has amended the claims to remove "protein 
microarray." 

Thus, the Applicant respectfully submits that the above rejections have been overcome. 

35 U.S.C. SI 12. Enablement 

The Examiner rejects claims 1-7 and 15-21 under 35 U.S.C. 1 12, fu-st paragraph, as not 
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providing enablement for the claimed methods. The Examiner notes that, while the specification 
is enabling for a method for detecting and determining the quantity of bacteria that oxidizes 
ammonia to nitrite comprising SEQ ID N0:1 and 2 by detecting the labeled probe of SEQ ID 
N0:5, it does "not reasonably provide enablement for a method for detecting and determining 
the quantity of bacteria that oxidizes anmionia to nitrite comprising at least 96% identity over the 
full length of SEQ ID NO: 1 and 2 by detecting the labeled probe of SEQ ID N0:5." The 
Applicant respectfully submits that the rejections are overcome in light of the amendments and 
arguments presented. 

Furthermore, there are many existing patents that are directed to specific sequences and 
their variants. The issuance of these patents demonstrates that specifications setting forth 
particular sequences and describing particular variants enable one skilled in the art to make and 
use the sequence and its described variants. Thus, it is common in the art that patents disclosing 
nucleotide sequences also disclose and claim variants of those sequences (see, e.g. U.S. Patent 
Nos. U.S. Patent Nos. 6,825,002 and 6,573,066). Methods for comparing the similarity of two or 
more nucleotide sequences are well known in the art. Similar sequences are often identified 
using computer programs such as BESTFIT and BLAST (see, specification page 22-23). 
Further, hybridization may be used to detect the similarity between variant sequences and a 
reference sequence. Thus, one skilled in the art would be able to easily synthesize and identify 
nucleotide sequences that are variants of a reference sequence by using known techniques. 
Therefore, a specification that describes a nucleotide sequence and its variants allows one skilled 
in the art to make and use that sequence and its variants. 

In addition, one of skill in the art understands that the 16S rDNA is a highly conserved 
region of gene, and has been used by those skilled in the art to discern and describe phylogenetic 
relationships, rather than functional comparisons, which- impart information regarding which 
regions of the 16S rDNA are variable at the species level (Woese et al, Proc. Nat'l. Academy 
Sci. 74(1 1): 5088-5090 (1977)). As such, it is known to one of skill in the art which regions of 
the 16S rDNA gene are universally conserved between species. The specification teaches how 
this concept is used to construct probes that target a specific homology to the 16S rDNA which 
determines the phylogenetic relationship of the bacteria with that sequence. Pages 26-28. 

The use of 16S rDNA to determine phylogenetic relationships of species is well-known 
in the art (Teske et al, J. Bact 176(21): 6623-6630 (1994)). In Teske et al, the 16S rDNA 
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sequences of ammonia- and nitrite-oxidizing bacteria are compared in order to show 
phylogenetic relationships. By sequencing that gene of known AOB and NOB, it was shown 
that almost every known AOB fell into the beta-subdivision of the Proteobacteria but that these 
bacteria could be distinguished from other beta-subdivision non-AOB based on the 16S rDNA 
sequences. This is important to show that beta-subdivision AOB form a group within the beta- 
Proteobacteria that includes no other non-AOB, while different species of AOB can be 
distinguished based on their 16S rDNA sequence. 

The data presented in the present specification shows that SEQ ID N0:1 and 2 and 
variants thereof are discovered to fit into the larger beta-subdivision AOB group and thus one of 
skill in the art would recognize an organism identified by SEQ ID N0:1 or 2 or variants thereof 
as an ammonia-oxidizing bacteria. The Examples show that the isolated and purified organism 
does indeed oxidize ammonia and thus confirms this designation. The comparison of the known 
16S rDNA sequences in Teske et aL, by aligning the sequences, demonstrate that only very 
specific regions of the bases vary. As mentioned above, by using the framework developed by 
Teske et aL and known tools such as BLAST, it was discovered that SEQ ID NO: 1 and N0:2 are 
similar in the regions shared among known AOB but varies in those specific regions that 
r distinguish AOB species (4% or less). This phylogenetic comparison is shown in Figure 1 of the 

specification. Accordingly, the Applicant respectfiiUy submits that claims 15-21 are properly 
enabled. 

However, to further examination, the Applicant has amended the claims to include the 
hybridization conditions. Support for the amendments can be foimd on pages 28-29 of the 
specification, where probe and hybridization conditions are disclosed. What is disclosed in the 
specification is well within the capabilities of one of skill in the art to make and use the invention 
as claimed. The specification discloses how the probes are developed and the condition 
parameters imder which hybridization occxirs. Page 27, Example 6. For example, the 
specification states "[i]n situ hybridization of the fixed, immobilized cells was carried out in a 
hybridization solution consistmg of 0.9 M NaCl, 20 mM Tris/HCl (pH 7.4), 0.01% sodium 
dodecyl sulphate (SDS), 25 ng of oligonucleotide probe, and varying amounts of 
formamide...To achieve the same stringency during the washing step, as in the hybridization 
step, the wash solution contained 20mM Tris/HCl (pH 7.4), 0.01% SDS, 5 mM EDTA, and 
NaCl. The concentration of NaCl varied according to the percent fomiamide used in the 
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solution. For 20% foraiamide the NaCl concentration was 215 mM, for 30% it was 120 mM, 
and for 40% the NaCl concentration was 46 mM,..The optimum stringency was determined to 
be 30% formamide for the S-G-Nsspa-0149-a-A-18 probe. For the S-G-Nsspa-0149-a-A-19 
probe the optimum stringency was determined to be 20% formamide. The optimum stringency 
was determined to be 20% formamide for the probe represented by SEQ ID N0:21, and 20% 
formamide for the probe represented by SEQ ID NO:24." Page 29, lines 2-23. Thus, one skilled 
in the art would be able to easily synthesize and identify nucleotide sequences that are variants of 
the reference sequences by using the specified hybridization conditions together with well- 
known techniques to practice the invention. These methods and techniques are routinely 
practiced in the art (e.g., alignment search tool (BLAST) (S.F. Altschul et al. 1990. Basic local 
alignment tool. J. Mol. Biol. 215:403-410) and CHECK_PROBE (B.L. Maidak et al. 1994. The 
ribosomal database project Nucleic Acids Res. 22:3485-3487.)). Thus, given what is taught 
about SEQ ID N0:1 and N0:2 in the specification, the specified hybridization conditions that are 
required, and the examples demonstrating how ammonia-oxidation level is analyzed, one skilled 
in the art would be able to readily synthesize and identify the variants of the reference sequence 
which share the claimed homology and also exhibit ammonia-oxidation. 

In light of the above considerations, Applicants respectfully submit that the present 
claims meet the enablement requirement of patentability. It is therefore respectfully requested 
that the Examiner's rejection of claims 1-7 and 15-21 based upon the enablement requirement of 
patentability be withdrawn. 

35 U.S.C, SI 12. Written Description 

The Examiner rejects claims 15-21 under 35 U.S.C. 112, first paragraph, as not 
complying with the written description requirement. The Applicant respectfully submits that the 
rejections are overcome in light of the amendments and arguments presented. 

The presented claims encompass bacterial strains comprising specific nucleotide 
sequences based upon their ammonia-oxidizing functions. Those strains must further have an 
amino acid sequence at least 96% identical to SEQ ID N0:1 and 2 and hybridizing to a specific 
probe, SEQ ID N0:5. The claims are thus not directed to an unrestricted amount of sequences 
based solely upon one factor, such as function. For example, a claim solely directed to a 
nucleotide sequence encoding a protein with the activity of ammonia-oxidation would not be 
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valid. The present claims have both structural and functional limitations. While some of the 
compounds having 96% homology might not be operative, i.e., they might not be able to oxidize 
ammonia. However, in order to eliminate the inoperative embodiments, Apphcants have 
coupled the requirement for maintaining a high degree of homology with SEQ ID NO: 5, imder 
specific stringent hybridization conditions, with the functional requirement that oxidation of 
ammonia must be maintained. 

Structurally, the claims are limited to nucleotide sequences that are either identical in 
sequence to SEQ ID NO: 1 and 2 or which are at least 96% homologous. Even though the claims 
therefore encompass a large number of specific sequences, the disclosure teaches one of skill in 
the art in screening for the required homology and testing for the claimed function (see for 
example. Examples 1-16). Thus, the homology requirement and functional requirement limit the 
number of compounds to a defined group, /.e., the claims are not open-ended. Enzo Biochem, 
Inc. V. Gen-Probe Inc, 323 F.3d 956, 964 (Fed. Cir. 2002)(citing Regents of the University of 
California v. Eli Lilly & Co. 1 19 F.3d 1559 (Fed. Cir. 1997): According to the PTO, Lilly 
requires the disclosure of "detailed, relevant identifying characteristics ... i.e., complete or partial 
structure, other physical and/or chemical properties, functional characteristics when coupled with 
a known or disclosed correlation between function and structure, or some combination of such 
characteristics," and the Federal Circuit has adopted this interpretation.). Even though it would 
be impractical, one of ordinary skill in the art could, in principle, identify and write down every 
compound claimed. Thus, conceptually. Applicants were clearly in possession of the claimed 
invention at the time of filing. 

In light of the above considerations. Applicants respectfully submit that the present 
claims meet the written description requirement of patentability. It is therefore respectfully 
requested that the Examiner's rejection of claims 15-21 based upon the written description 
requirement of patentability be withdrawn. 

Conclusion 

This response is being submitted within the three month deadline. In the case any fee is 
owed, please charge deposit account number 03-3975 (ref. 81289-284781). The Applicant 
believes that claims 1-7 and 15-21 are now in condition for allowance, and a favorable action is 
respectfully requested. If, for any reason, the Examiner finds the application other than in 
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condition for allowance, the Examiner is requested to call the undersigned attorney at the Los 
Angeles telephone number (213) 488-7100 to discuss the steps necessary for placing the 
application in condition for allowance should the Examiner believe that such a telephone 
conference would advance prosecution of the application. 



Respectfully submitted, 

PILLSBURY WINTHROP SHAW PITTMAN LLP 



Date: 10/30/2006 


Bv: I ^WV 




Carolyn STLu ^ 




Registration No. 56,817 




Attorney For Applicant(s) 


725 South Figueroa Street, Suite 2800 




Los Angeles, CA 90017-5406 




Telephone: (213) 488-7100 




Facsimile: (21 3) 629-1033 





Enclosures: Woese et al, Proc. Nat'l. Academy Sci. 74(1 1): 5088-5090 (1977); Teske et al, J. 
Bact. 176(21): 6623-6630 (1994). 
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Phylogenetic structure of the prokaryotic domain: The primary 
kingdoms 

(ardiAeb«cteria/eubjicterU/urkAiyote/16S ribosomAl BNA/molecukr phylogeny) 

Carl R. Woese and George E. Fox* 

Depvtmesk of Genetics and Development. University of OHnois. UiUna. lltinob 61801 
Communicated by T, M. Sonnebam, August 18, 1977 



ABSTBACT A ^ylogenetic analysis based upon ribosomal 
RNA sequence characterization reveals that living systems 
represent one of three aboriginal lines of descent: (i) the eu- 
bacteria, comprising aO typical bacteria; (ii) the archaebacteria, 
rftnt^ming metfaanogemc bacteria; and (iu) the urkaryotcs» now 
re^refented in the cytoplasmic component of eukaiycitie 

The biologist has custonuuily structured his world in terms of 
certain basic dichotomies. Classically, what was not plant was 
animal. The discovery that bacteria, which initially had been 
considered {riants, resembled both plants and animals less than 
plants and animals resembled one another led to a ref ormula- 
tionof the issue in terms of a yet mcH-e basic dichotomy, that of 
eukaryote versus prokaryote. The striking differences between 
eukaryotic and prokaryotic cells have now been docuinented 
in endUess moleaikr d^aiL As a result, it is generally taken for 
granted that aU extant life must be of these two basic types: 

Thusv it appears that the biologist has solved the problem of 
the primary phylogenetic groupings. However, this is not the 
case; Dividing the living world into Frokaryatae and Eukar- 
yotae has served, if anydiing, to obscure the problem of what 
extant groupings represent the various primeval branches from 
the common line of descent. The reason is that eukaryote/ 
prokaryote is not primarily a phylogenetic distinction, although 
it is generally treated so. The eukaryotic cell is organized in a 
different and more complex way than is the prokaryote; this 
probably reflects the former s composite origin as a symbiotic 
ooDecdon of various simider organisms (1-5). However striking, 
these organizational dissimilarities do not guarantee that eu- 
karyote and prokaryote represent phyk>genetic extremes. 

The eukaryotic cell per se cannot be directly compared to 
the prokaryote. The composite nature of the eukaryotic cell 
makes it necessary that it first be conceptually reduced to its 
phylogenetically separate components, which arose from an* 
ceston that were noncomposite and so individually are com- 
parable to prokaryotes. Ih other words, the question of the 
primary phylogenetic groupings must be formulated solely in 
terms of relationships among ''prokaryotes" — ^Le., noncomposite 
entities. (Note that in this context there is no suggestion a priori 
that the living world is structured in a dichotomous way.) 

The organizational differences between prokaryote and 
eukaryote and the composite nature of the latter indicate an 
impoxtaxit propoty of the evolutionary process: Evolution seems 
to progress in a "quantized" fashion. One level or domain of 
organization gives rise ultimately to a higher (more coinplex) 
one. What "prokaryote" and "eukaryote" actually represent 
are two such domains. Thus, although it is useful to define 
phylogenetic patterns within each domain, it is not meaningful 

The costs of publication of this article were defrayed in part by the 
paynieht of page charges. This artide must therefore be hereby marked 
"adoertisement" in acooidanoe with 18 U. S. C §1734 soUy to indicate 
this fact 



to construct phykgenedc classifications between domains: 
Prokaryotic kingdoms are not comparable to eukaryotic 
This should be recognized by an appropriate terminology. The 
highest phylogenetic unit in the prokaryotic domain we think 
should be called an "urkingdom"-— or perhaps "primary 
kingdom." This would recognize the qualitative di^nction 
betwera prokaryotic and eukaryotic kingdoms and emphasize 
that the former have primary evolutionary status. 

The passage from one donudn to a higher one then becomes 
a.oentral problon. Initially one would like to know whether this 
Is a frequent or a rare (unique) evolutionary event. It is tradi- 
tionally assumed — without evidence — that the eukaryotic 
domain has arisen but once; all extant eukaryotes stem from a 
common ancestor, itsdf eukaryotic (2). A dmilar prejudice holds 
for the prokaryotic domain (2). [We elsewhere argue (6) that 
a hypothetical domain of lower complexity, that of "pro- 
genotes," may have preceded and given rise to the prokaiyotes.] 
The present communication is a discussion of recent findings 
diat relate to the urkingdom structure of the prokaryotic do- 
xnain and the question dt its unique as opposed to midtiple or- 
igin. 

Phylogenetic relationships cannot be reliably established in 
terms of noncomparable properties (7). A comparative ap- 
proach that can measure degree of difference in comparable 
structures is required. An organism s genome seems to be the 
ultimate record of its evolutionary history (8). Thus, compar- 
ative analysb of molecular sequences has become a powerful 
approach to determining evolutionary relationships (9, 10). 

To determine relationships covering the entire spectrum of 
extant living systems, one optimally needs a molecule of ap- 
propriately broad distribution. None ci the readily character- 
ized proteins fits this requirement However, ribosomal RNA 
does. It is a component of all sdf -replicating systems; it is readily 
isolated; and its sequence changes but slowly with time — ^per- 
mitting the detection of relatedness among very distant species 
(11-13). To date, the primary structure of the 16S (18S) ribo- 
somal RNA has been characterized in a moderately large and 
varied collection of organisms and organelles, and the general 
phylogenetic structure of the prdcaryotic idomain Is beginning 
to emerge. 

A c(Mnparative analysis of these data, summarized in Table 
1, shows that the organisms clearly cluster into several primary 
kingdoms. The first of these contains all of the typical bacteria 
so far characterized, including the genera Aceiobacterium, 
Acinetohacter, Acholeplasma, Aeromonas, Alcaligenes, An- 
acystia^ Aphanocapsa, Bacillus, Bdellovibrio, ChloriAlum, 
Chromatium, Chstridium, Corynebacterium, Escherichia, 
Eiibacterium, LdictobaciUus, Leptospira, Micrococcus, My* 
coplasma, Paracoccus, Fhotobacierium, Propionibacterium, 



* Present address: Department of Biophysical Sciences, University of 
Houston, Houston. TX 77004. 
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Table !♦ Asaodation cogfSdento {Sab) between representative membere of the three primaiy kingdoms 
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The 16S (18S) ribosomal RNA from the organisms (organelles) listed were digested ?nth Tl RNase and the resulting digests were subjected 
to two-dimensional electrophoretic separation to produce an oligonucleotide fingerprint The individual oligonucleotides on each fingerprint 
were then sequenced by established procedures (13, 14) to produce an oligonucleotide catalog characteristic of the given organism (3, 4, 13-17, 
22, 23; impublished data). Comparisons of all possible pairs of such catalogs defines a set of association coefficients (5ab) given by: Sab ^ 
WabWa + Nb), in which Na, Nb* and Nab are the total numbers of nucleotides in sequences of heiamers or larger in the catalog for organism 
A, in that for organism B, and in Um interfeaction of the two catalogs, respectively (13, 23). 



P9eudomanaa, RhodopmuhmoruUt RhodospiriUum, Spiro- 
diaeta, Spiroplaama, Streptococcus, and VArto (xdFs. 13-17; 
unpublished data). The group has three major subdivisions, the 
blue-green bacteria and chloroplasts, the "Cram-positive" 
bacteria, and a broad "Cram-negative" subdivision (refs. 3, 4, 
13-17; unpublished data). It is appropriate to call this urking- 
dom the eubacteria. 

A second group is defined by the ISS rRN As of the eukaryotic 
cytc^ksm — flniTnAl plant, fungal, and shme mold (unpublished 
data). It is uncertain what ancestral organism in the symbiosis 
that produced the eukaryotic ceSl this RNA rq)resenis. If there 
had been an ''engulfing ^^es" (1) in relation to which aU the 
other organisms were endosymbionts, then it seems likely that 
I8S rRNA represents that spedes. This hypodietical group of 
oiganisins, in one sense the zpajor ancestors of eukaryotic cells, 
might appropriately be called u?karyote$. Detailed study of 
aiiaerohic amoebae and the like (18), which »em not to omtain 
mitochondria and in general are cytologically simpler than 
customary examples of eukaryotes, might help to resolve this 
questioTL 

Eubacteria and urkaryotes correspond approximately to the 
conventional categories "prokaryote" and "eukaryote" when 
they are used in a phylogenetic sense. However, they do not 
constitute a did»3tomy; thsy do not collectively exhaust the dass 
of living systemsw There exists a third Idngdom which, to date, 
is repre^ted solely by the methanogenic bacteria, a relatively 
unknown class of anaerobes that possess a unique metabolism 
ba^ on the reduction of carbon dioxide to methane (19>21). 
These ^'bacteria* appear to ks no more related to typical 
bacteria than they are to eukaryotic cytoplasms. Altlwugh the 
two divisions of this kingdom appear as remote from one an- 
other as blue-green algae are from other eubacteria, they 
neverthdess correspond to the same biochemical phenotype. 
The apparent antiquity of the methanogenic phenotype plus 
the fact that it seems well suited to the type dF environment 
presumed to exist on earth 3-4 billion years ago lead us tenta- 
tively to name this urkingdom the afr/id£!»2cf^ia. Whetberor 
not other biochemically distinct phenotypes exist in this king- 
dom is clearly an important question upon which may turn our 
concept of the nature and ancestry of the first prokaryotes. 
Table 1 shows the three urldngdoms to be equidistant from 



one another. Because the distances measured are actually 
proportional to numben of mutations and not necessarily to 
time, it caimot be proven that the three lines of descent 
branched from the common ancestral line at about the same 
time. One of the three may represent a far earlier bihv cation 
than the other two, maldng there in effect only two urkingdom& 
Cf the three possible urtequal branching patterns the case for 
which the initial bifurcation defines urkaryotes vs. all bacteria 
requires further comment because, as we have seen, there is a 
predilection to accept such a dichotomy. 

The phenotype of the methanogens, although ostensibly 
'liacterial," on close scrutiny gives no indication of a specific 
phylogenetic resemblance to the eubacteria. For example, 
methanogens do have cell walls, but these do not contain pep- 
tidoglycan (24). The biochemistry of methane formation ap- 
pears to involve totally unique coenzymes (23, 25, 26). The 
medianc^en rRNAs are comparable in size to their eubacterial 
counterparts, but resemble die latter specifically in neither 
sequence (Table 1) nor in their pattern of base modification 
(23). The tRNAs from eubacteria and eukaryotes are charac- 
terized by a common modified ^uence, T^^CC; methanogens 
modify this tRN A sequence in a quite dif l&cnX arid unique way 
(23). It must be recognized that very little is known of the 
gemral biodiemistry dt the methanogens — and aknost nothing 
is known regarding their molecular biology. Hence, although 
the above points are few in number, they repre^t most of 
what is now known. There is no reason at present to consider 
methanogens as any closer to eubacteria than to the ''cyto- 
plasmic component" of the eukaryote. Both in terms of rRNA 
sequence measurement and in terms of general pheiuytypic 
differences, then, the three groupings appear to distinct 
urkingdoms. 

If a third inkingdom exists, does this suggest that many more 
• such will be found among yet to be characterized organisms? 
We think not, although the matter clearly requires an exhaus- 
tive search. As seen above, the number of species that can be 
classified as eubacteria is moderately large. To this list can be 
added Spirillum and Desulfooibrio, whose rRNAs appear 
typically eubacterial by nuc^sic acid hybridization measure- 
menb (27). Because the list b also phenotypically diverse, it 
seems uidikely that many, if any, of the yet uncharacterlzed 
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prokaryotic groups will be shown to have coequal status with 
the present dbrea Conceivably the halophiles whose cell walls 
contain no peptidoglycan, are candidates for this distinction 
(28.29). 

Eukaryotic organelles, however, could be a different matter. 
There can be no doubt that the chloroplast is of specific eu- 
bacterial origin (3, 4). A question arises with the remaining 
organelles and structures. Mitochondria, for example, do not 
conform well to a "typically prokaryotic** phenotype, which 
has led some to conclude that they could not have arisen as 
endosymbionts (30). By using **prokaryote" in a phylogenetic 
sense, this formulation of the issue does not recognize a third 
alternative — that the organelle in question arose endosym- 
biotically from a separate line of descent whose phenotype is 
not typically prokaryotic" (i.e., eubacterial). It is thus con- 
ceivable that some endosymbiotically formed structures rep- 
resent still other major phylogenetic groups; some could even 
be the only extant representation thereof. 

The question that remains to be answered is whether the 
common ancestor of all three major lines of descent was itself 
a prokaryote. If not, each urkingdom represenb an independent 
evolution of the prokaryotic level of organization. Obviously, 
much more needs to be known about the general properties of 
all the urkingddms before this matter can be definitely settled. 
At present we can point to two arguments suggesting that each 
uridngdom does represent a separate evolution of tihe prokar- 
yotic level of organization. 

The first argument concerns the stability of the general 
phenotypes. The general eubacterial phenotype has been stable 
for at least 3 billion y ears— Le , the apparent age of blue-gjreen 
algae (31). The methanogenic phenotype seems to be at least 
ws oU in that branchings within the two urkingdoms are 
comparably deep (see Table 1). The time available to fonn eadi 
phenotype (from their common ancestor) is then short by 
comparison, which seems paradoxical in that the two pheno- 
types are so fundamentally different. We think that this os- 
tensible paradox implies that the common ancestor in this case 
was not a prokaryote. It was a far simple entity; it probably did 
not evolve at the *'slow" rate characteristic of prokaryotes; it 
did not possess many of the features possessed by prokaryotes^ 
and so these evolved independently and differently in separate 
lines of descent 

The second argument concerns the quality of the differences 
in the three general phenotypes. It seems highly unlikely, for 
example, that differences in general patterns of base modifi- 
cation in rRNAs and tRNAs are related to the niches that or- 
ganisms occupy. Rather, differences of this nature imply in> 
dependent evolution of the properties in question. It has been 
argued elsewhere that features such as RNA base modification 
genearally represent the final stage in the evolution of translation 
(32). If these features have evolved separately in two lines of 
descent, their common ancestor, lacking them, had a more 
rudimentary version of the translation mechanism and conse- 
quently, could not have been as complex as a prokaryote (6). 

With the identification and characterization of the urking- 
doms we are for the first time beginning to see the ovei^l 
phylogenetic structure of the living world. It is not structured 
in a bipartite way along the lines of the organizationally dis- 
similar prokaryote and eukaryote. Rather, it is (at least) 
tripartite, comprising (1) the tyjpical bacteria, {ii) the line of 
docent manifested in eukaryotic cytoplasms, and {Hi) a httle 



explored grouping, represented so far only by methanogenic 
bacteria. 
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Evolutionary Relationships among Ammonia- and 
Nitrite-Oxidizing Bacteria 
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Comparative 16S rRNA sequencing was used to evaluate phylogenetic relationships among selected strains 
of ammonia- and nitrite-oxidizing bacteria. All characterized strains were shown to be affiliated with the 
proteobacteria. The study extended recent 16S rRNA-based studies of phylogenetic diversity among nitrifiers 
by the comparison of eight strains of the genus Nitrobacter and representatives of the genera Nitrospira and 
Nitro^ina. The later genera were shown to be affiliated with the delta subdivision of the proteobacteria but did 
not share a specific relationship to each other or to other members of the delta subdivision. All characterized 
NUrobacter strains constituted a closely related assemblage within the alpha subdivision of the proteobacteria. 
As previously observed, all ammonia-oxidizing genera except Nitrosococeus oceanus constitute a roonophyletic 
assemblage withhi the beta subdivision of the proteobacteria. Errors in the 16S rRNA sequences for two strains 
previously deposited in the databases by other investigators iffUntsolobus multybrmis C-71 and Nitro^iru 
briensis C-128) were corrected. Consideration of physiology and phylogenetic distribution suggested that 
nitrite-oxidizing bacteria of the alpha and gamma subdivisions are derived from immediate photosynthetic 
ancestry. Each nitrifier retains the general structural features of the specific ancestor's photosynthetic 
membrane complex. Thus, the nitrifiers, as a group, apparently are not derived from an ancestral nitrifying 
phenotype. 



Biologists have been asking questions concerning the evolu- 
tionary origins of, and phylogenetic relationships among, 
chemolithotrophic microorganisms for well over a century. 
However, it has been only in the last decade that comparative 
molecular studies have provided the basis to shape an under- 
standing of their phylogeny. Most notably, the use of compar- 
ative rRNA sequencing has provided an all-encompassing 
phylogenetic framework within which all the chemolithotrophs 
can be placed. The emerging phylogeny has, in turn, provided 
insights into their antiquity and the origins of litholrophic 
metabolism. For example, sulfur oxidation and iron oxidation 
appear to be evolutionarily early and widespread metabolic 
modes that are not confined to a single phylogenetic assem- 
blage of bacteria (27). An important group of chemolitho- 
trophs commonly called nitrifying bacteria or nitrifiers, the 
nitrite- and ammonia-oxidizing bacteria, has to be reconsid- 
ered as well. 

These classical chemolithotrophs are still viewed as one 
coherent group, the family Nitrobacteriaceae (45, 46), defined 
by their characteristic ability to grow as lithotrophs by oxida- 
tion of aihmonia to nitrite or nitrite to nitrate. No organism 
that has been described is capable of fiiUy oxidizing ammonia 
to nitrate. Consequently, the dassification of nitrifying bacteria 
is based primarily upon oxidation of either aminonia or nitrite, 
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with secondary consideration of cell shape and the highly 
characteristic cytoplasmic membrane struaures (46). All 
known ammonia-oxidizing bacteria are obligate chemolitho- 
autotrophs. In contrast, some nitrite-oxidizing bacteria are 
mixotrophs and also can grow heterotrophically (4, 26). Al- 
though the existing taxonomy assigns these bacteria to a single 
family, accumulating biochemical and molecular data do not 
support their phylogenetic coherence. 

Physiological and enzymatic data argue against a close 
relatedness between ammonia and nitrite oxidizers. They 
employ two very different key enzyme systems for the energy- 
gaining oxidation of ammonia and nitrite (5). Comparative 
sequencing studies based on 16S rRNA ohgonucleotide cata- 
loging provided the first outline of phylogenetic diversity of 
nitrifying bacteria (56, 56a, 57). More recently, the phylogeny 
of the ammonia-oxidizing bacteria has been refined on the 
basis of near-complete 16S rRNA sequences (17). These 
results are consistent with the earlier cataloging studies. How- 
ever, this picture is far from complete. Many new species were 
not included in sequencing studies. Others have been charac- 
terized by DNA-DNA hybridization and GC content but not 
by sequence comparisons. 

In this stu^, we used comparative 16S rRNA sequencing to 
further delineate and refine the phylogeny of ammonia- and 
nitrite-oxidizing bacteria. In so doing, we identify closefy 
related nonnitrifying species and discuss the physiological and 
evolutionaiy significances of their recent conunon origins. 

MATERIALS AND METHODS 

Bacterial strains and 16S rRNA sequences. Strains se- 
quenced in this study are listed in Table 1. Nitrifier species and 
strains were obtained from the American Type Culture Col- 
lection and from J. B. Waterbuiy, Woods Hole Marine Biology 
Laboratory, Woods Hole, Mass., and J. Prosser, University of 
Aberdeen, Aberdeen, Scotland. In addition to those sequences 
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TABLE t. Sources of bacterial strains used m this study 
Spedes Strain 

Nitrobactar winoffvdskyi ATCC 25381 type strain (46) 

ATCC 14123 (formerly designated Nitm- 
baeter reassigned to the spedes 
NUrobaeter wiwffodskyi (20, 49]) 

NUrobaaer hambtugensis. X14 type strain (7) (from S. W. Watson 

and F. Valois) 

NUrobacter spedes — ^ »...R6 (Rothamsted, United Sii^gdom, from 

J. Prosser) 

Nitrobacter spedes". ..ATCC 25383 

NUrobacter spedes* ATCC 25384 

NUrobacter spcdcS* ATCC 25385 

Nitrococcus mobilis ATCC 25380 type strain (46) 

NUroaMm mub^brmii ATCC 25196 type strain (46) 

ATCC 25198" 

NUrosomorua etiropae ATCC 19718 

NUroso^ brienas C-128 (from S. W. Watson and F. Valois) 

NUrospuia g^ttdSs . Nb-3, Padfic Ocean isolate (from S. W. 

Watson and F. Valois) 
Nb-211, Adantic Ocean isolate (from 
S. W. Watson and F. Valois) 

NUrmpiM marina Nb-29S (from S. W. Watson and F. Val- 

^ 

' Sequence detet niin ed by levexse transct^vtase setpiendng. 



detenniiied in this study, previously determined 16S rRNA 
sequences used for coii^)arison were obtained from the EMBL 
and RDP databases (29). Unpublished 16S rRNA sequences 
or sequences previously determined for nitrifying spedes (and 
corresponding accession numbers) are those recendy reported 
by Head et aL (17) {Nitroso^m brienas strain C-128 [M^95], 
Nitrosovibrio tenuis strain C-141 [M96391], NUrosococcus ocea- 
nus strain C-27 [M96398], Nitrosonumas europaea strain C-31 
[M96399], Nltrosomonas marina strain C-56 [M96400], NUn>- 
solobus muU^drmis strain C-71 [M96401], Nitrostmonas eutnh 
pha strain C-91 [M96402]» Nitrosococats motUis strain Nc2 
type strain [M9^4Q3l and NltFosoMbrio tenuis strain Nvl2 
[M96405]) and those available from the RDP (29) {Nitrosmuh 
nas euFopaea and Nltrosckbus mult^rmis), 

Isolatina of misdeSc adds smd seqi&eigtdQg. Nucleic adds 
were isolated by mechanical disruption of cells and phenol 
eactraction as previously described (40). The 16S rRNA was 
isolated and sequenced directly, using the reverse transoiptase 
method of Lane et al. (28). DNA sequencing was done by using 
PGR and direct sequencing of PGR products. For direct 
sequencing, 16S r RNA genes were amplified by using two 
primers, IIF (5'-GTTTCjfATCCrGGCrCAG-3', correspond- 
ing to Escherich ia co U positions 11 to 27) and 1512-AR (5'- 
ACGGT/CTACCnTGTrACGACTT-3', corresponding to £. 
coU positions 1492 to 1513). Each of the 35 cydes started with 
1 min of denaturation at 95''G, continued with 2 min of 
annealing at 4(f C, and ended with 3 min of elongation at 71^*0 
The reaction mix (total volume, 50 or 100 yd) contained 50 mM 
KCl, 10 mM Trfe-HQ (pH 83), 1^ mM Mgda, 0.01% (vst/vol) 
gelatin, 200 jtM (each) dOTP, dATP, dlTP, and dCTP, 0.5 to 
1.0 U of Taq DNA polymerase (United States Biochemical 
Co., Qeveland, Ohio), and 1 (eac)K) primer. 

Tlie PCR products were analyzed by electrophoresis on 1% 
horizontal agarose gels in TAE buffer (36), using a 1-kb DNA 
ladder as a size marker (Difco, Detroit, MidL; Gibco BRL» 
Grand Island, N.Y.). The DNA from the region of the gel 
ix)ntaining the PGR amplification product of ^ipropriate size 
was electn)i^oieticaUy recovered fay cutting a small well In the 
gel directly in front of the selected PCR product Electro- 
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phoresis was continued imtil the DNA migrated into the 
buffer-filled well. The buffer was quickly transferred to a 
microcentrifuge tube, and 0.1 volume of 5 M NaQ and 2.5 
volumes of ethanol were added Following incubation for 1 h at 
-80°C^ the DNA was peUeted by centr^gation and directly 
used in the sequencing reactions (9), using primers comple- 
mentary to highly conserved regions of 16S rRNA sequence. 
The previously published protocol of Bdttger (9) was modified 
to include addition of 1 pJ of aqueous 5% (wt/vol) Nonidet 
P-40 (Sigma Co., St Louis, Mo.) to the template-primer mix 
(03% in a final reaction volume of 10 |ii). In addition, 
denaturation at 94°C was extended to 10 min and the 3TC 
renaturation step was omitted* 

The sequencing primers and corresponding positions within 
the £1 coU 16S rRNA were IIF (S'-GTITGATCCrGGCTC 
AG^3' [11 to 27]), 61F (5'-GCrrAAGACATGCAAG-3' [46 
to 61]), 343aR (5'CroCTGGCrCCXX}TA.3' [357 to 341]), 
519R (5'-GWATTA(XXXX}GGKGCrG-3' [536 to 519]), 
530F (5'-GT(KX:AGqA/qGGGGGGG-3' [515 to 530]), 
690R (5'-TCrACGCA'nTCAGG-3' [704 to 690]), 786R (5'-G 
TACr[C/G)GGGTATCTAATG-3' [803 to 786]), 802F (5'-AT 
TAGATAGGCnrGGTA-3' [787 to 802]), 922F (5'-GAAACr 
TAAA(G/r]GAATTG-3' [906 to 922]), 956R (5'-GGGGTT 
GTGTqC/G]AATrAA-3' [974 to 956]), 1056R (5'.AGGA 
(jCrGACGAqA/G]GCC:A.3' [1073 to 1056]), 1114F (5'-GG 
AAGGAGCGGAAGC03' [1099 to 1114]), llOOR (5'-AG<3G 
TTGCGCrCGTrG-3' [1115 to 1100]), 1240F (S'-ACACGC 
GTGCrAGAAT-3' [1225 to 1240]), 1227R(5'-GGATrGTAG 
GAGGTGT-3' [1242 to 1227]), 1406F (5'-TG[C/T]AGACAG 
CGCCCGT-y [1391 to 1406]), 1392R (5'-ACGG<KX5GTGT 
GT[G/A]C-3' [1406 to 1392]), and 1512-AR (5'-AGGG[T/qT 
AGCITGTrAGGACnT-3' [1512 to 1492]). 

AligBumtaat omd pSqiogeBiietlc trxss iiial?iar^c(2« The sequences 
were aligned by secondary structure according to the RDP 
database alignment (29). The SIMILARmCRANK tool of 
the RDP database was used to search the RDP database for 
dose evolutionary relatives of different nitcifier sequences. 
Phyiogenetic trees were inferred, using the PAUP311 parsi- 
mony program package (42a) and the distance matrix method 
of Fitdi and Matgoliash as in^bmented by PHYLIP (Fhylog- 
eiiy Inference Package) version 35c (15). Regions of ambigu- 
ous sequence alignment were esoduded from analysis. 

NucDeotode scqueoicc occessioBS nmEinilbers. Sequences have 
been deposited in GenBank under accession numbers L35501 
to L35514. 

MIESULTS AMD DISCUSSION 

The now recognized diversity of genera and spedes of the 
ammonia oxidizers indudes Nitrosomonas, with at least 10 
spedes (19, 23, 53), Nitrosococcus (53), with 3 spedes (22, 25, 
53), Niirosospim, with 1 recognized spedes (44, 54) and 4 other 
spedes indicated by DNA homology studies (24), Nitrosovibrio, 
with 1 described q>edes (16) and 1 additional spedes indicated 
by DNA homology studies (24), and NitrosolobuSy with one 
described spedes (49) and 1 additional spedes indicated by 
DNA homology studies (24). The nitrite-oxidizing genera have 
received relatively less attention* and few have been examined 
by comparative sequence analysis. The four recognized genera 
of nitrite-oxidizing bacteria include NitroiMtcter (53), with three 
spedes (6, 7), and Nitrospina (50), Nitrococcus (50)» and 
Nitrospim (47), with one spedes each. 

Previous comparative studies and the sequence data pre- 
sented here indicate that all characterized nitrifying bacteria 
are members of the proteobacteria, a large bacterial group of 
presumed photo^thetic ancestry (55, 56). Relationships 



VOU 176, 1994 



PHYLOGENY OF NITRIFIERS 6625 



bcta-subdivirioo 



Rbodocydus GalliondUNltroMmonas 




delt»4ubdivision qisiloii-subdivisioD alpha-subdivisioo 



FIG. 1. Distance tree for ^ the the proteobacteria, inchiding the 
nitrifyiog isolates characterized in this study. The scale bar corre* 
sponds to 0.1 estimated fixed mutation per sequence position. 



within the proteobacteria as inferred by comparative 16S 
rRNA sequence analyses are displayed in Fig. 1. The general 
phylogenetic distribution is briefly described here and dis- 
cussed in greater detail in the following sections, which elab- 
orate specific afiiliations between nitrifying and nonnitrifying 
representatives of the individual proteobacterial subdivisions. 

Nitrite-oxidizing genera occur in the alpha, gamma, and 
delta subdivisions of the proteobacteria. Hie getius Nitrobacter 
forms a tight group of veiy dosely related species in the alpha 
subdivision, clustering together with species of the genera 
Bratfyrhizobium, BhodopseudomonaSy and Afipia, NUrococcus 
mobiUs is a member of the gamma subdivision, related to 



members of the family Ectothiorhodospiraceae and the ammo- 
nia-oxidizing bacteriimi Nitrosococcus oceanus. Nitrospira ma- 
rina, the only described species of the genus, shows an affilia- 
tion with the delta subdivision. The two strains of Nitrospina 
gracilis (the only described species in the genus) also demon- 
strate a peripheral relationship to the delta subdivision but are 
unrelat&d to Nitrospira marina. The ammonia-oxidizing bacte- 
ria (with the exception of Nitrosococcus oceanus) constitute a 
closely related assemblage within the beta subdivision com- 
posed of the genera Nitrosolobus^ Nitrosospira, NitrosovU)rio, 
and Nitrosomonas. In contrast, the two spedes of the genus 
Nitrosococcus belong to different subdivisions (17, 55). Nitroso- 
coccus mobiUs is related to the genus Nitrosomonas in the beta 
subdivision; Nitrosococcus oceanus is the only recognized am- 
monia oxidizer in the ganuna subdivision. 

For a more detailed comparison of relationships, we con- 
sider each subdivision separately. This treatment is a conse- 
quence of the requirement for sequence alignment prior to 
phylogenetic analysis. By comparing only dosely related se- 
quences, to the exclusion of sequences from different subdivi- 
sions, it is possible to include a greater number of aligned 
sequence positions in the comparative analyses. Highly vari- 
able regions of sequence generalfy must be excluded when 
distantly related sequences are compared, because they cannot 
be imambiguously aligned. A similar treatment was recently 
used to characterize sulfur- and iron-oxidizing bacteria (27). 
The following discussion is based on an independent analysis 
of each of the four subdivisions. 

The alpha subdivision: the genus Nitrobacter. The members 
of the genus Nitrobacter make up an exclusive and highly 
related duster that is closely assodated with Rhodopseudomo- 
nas paiustris, Bradyrhizobium japonicum, Blastobacter denitrifi- 
cans, Afipia felis, and Afipia clevelandensis within the alpha-2 
branch of the proteobacteria (Fig. 2). More distantly related 
sequences indude those of an additional photosynthetic spe- 
des (e.g., Rhodopseudomonas addophila) and methylotrophs. 

Near-complete sequences were determined for four M- 
trobacter strauis: Nitrobacter winogradskyi ACTCC 14123 (for- 
merly iVi^6ac/sera^), Nitn^cterwiru^rodskyi ATCC 25381, 
Nitrobacter hanUmrgensis X14, and Nitrobacter sp. strain R6 
(isolated by J. Prosser, Rothamsted, United Kingdom). The 
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16S rRNA sequences for the two strains of Nitrobacter wino- 
gradskyi (ATCC 14123 and ATCC 25381) were identical and 
differed from Nitrobacter sp. strain R6 at only one nucleotide 
position (£. coli position 1267, C/U). Nitrobacter hantburgensis 
X14 differs in at least nine nucleotide positions from these 
three strains. In addition to the near-complete sequences 
determined for these members of the genus, partial sequences 
of three additional Nitrobacter strains (ATCC 25383, ATCC 
25384, and ATCC 25385) were determined by rRNA-tem- 
plated sequencing with reverse transcriptase. i^q>roximately 
500 nucleotides of 16S rRNA sequence beginning at the 5' end 
were determined for each. The partial sequences of strain 
25383 and 25384, not conadering ambiguous nucleotide as- 
signments, are identical to the near-complete sequences deter- 
mined for Nitrobacto' mnoffod^ strains ATCC 25381 and 
14123. However, Nitrobacter sp. strain 25383 differs at two 
nucleotide positions. £. coU positions 250 (AAJ) and 264 
(OU). Thus, additional genetic diversity exists among available 
Nitrobacter spedes and may be great enough to warrant species 
distinction. 

Within the genus Nitrobactery the pairwise evolutionaiy 
distance estimates do not exceed 1%, indicating a low degree 
of genetic diversity. These results are consistent with the recent 
16S rRNA sequence comparisons of three Nitrobacter isolates 
{N winogradskyi, Nitrobacter sp. strain LL, and N, hamburgen- 
sis) by Orso et al. (34). Many other genera of bacteria show 10 
to 15% 16S rRNA sequence divergence between spedes, 
although this may be considered the upper limit for genus rank 
and more appropriate for the definition of femilies (14, 37). 
The high ctegree of genetic homogeneity within the genus 
Nitrobacter was also demonstrated by an earlier 16S rRNA 
oligonucleotide study (38) reporting a high (similarity) 
value (0.82) between Nitrobacter wincgradskyi and Nitrobacter 
hambuigensis. However, we do not advocate the use of rRNA 
sequence divergence alone for defining taxonomic rank. This 
information must be integrated with phenolic variation and 
environmental distribution. 

The phylogenetic relationships between Nitrobacter spedes 
were also investigated by Navarro et al. (31). On the basis of 
restriction fragment length polymorphism data of PCR-ampli- 
fied intergenic spacer regions of the ribosomal operon, they 
estimated sequence divergences of intergenic spacer regions in 
39 different Nitrobacter strains. Their results are congruent 
with our 16S rRNA-based phylogeny of the genus Nitrt^bacter, 
The hi^iest spacer region divergences (7.5 to 7.7%) were 
observed between Nitrobacter hamburgenas X14 and M- 
trobacter winogradskyi ATCC 14123. Lower sequence diver- 
gences, in the range of 3 to 4%, were observed between 
Nitrobacter winogradskyi ATCC 14123 and various other M- 
trobacter spp., including strain R6. DNA-DNA reassociation 
studies (7) demonstrated an overall DNA homology of 36% 
between spedes, in the accepted range (20 to 60%) for spedes 
(genospedes) relationship within a genus. Thus, the 16S rRNA 
provides information of more general relation^ps at approx* 
imately the spedes level of discrimination, iK^ereas DNA 
homology and comparison of intergenic spacer regions provide 
resolution of individual strains. 

The tight duster of Nitrobacter spedes and several nonnitri- 
fying spedes {Rhodopseudomonas palustris, Bradyrhmbium 
japonicum, Blastobader denitrificans, Afipia feUsy and Afipia 
clevelandensis) was only partiadly outlined by earlier studies. 
Oligonudeotide data demonstrated a dose relationship be- 
tween the 16S rRNAs of Nitrobacter winoffodskyi and M- 
trobacter hambwgertsis to that of Rhodopseudomonas palustris 
(38). A 16S rRNA sequence analysis of Bradyrhizobium japoni- 
cum, Blastobacter denitnficans^ and Afipia clevelandensis and 




FIG. 3. Distance tree for the beta subdivision of the proteobacte- 
ria. 



Afifm feUs showed their close relationships (32, 52). A chemo- 
taxonomic study (3, 30a), based on analysis of lipid A and deep 
core regions of cell waU lipopolysaocharides, was consistent 
with the sequence data presented here. The 16S rRNA se- 
quences of Bradyrhizobium japoniaan^ Rhodopseudomonas 
palustris t and Nitrobacter winc^mdskyi form a coherent duster, 
well separated frx>m other members of the alpha subdivision 
(96.8 to 100% sequence similarity). Thus, the root-nodulating 
Bradyrhizobium japonicum, Blasiobacter denitrificans, the hu- 
man pathogens^iy^pui felis zsiA Afipia deveUmdensis^ the anaer- 
obic photosynthetic Rhodopseudwrumas paiustris, and the fac- 
ultative Uthoautotrophic Nitrobacter spedes all have a 
relatively recent conunon ancestor, also suggesting they have 
conunon traits. For example, the capadty for denitrification is 
present in Blastobacter denitrificans^ Nitrobacter spedes, and 
some strains of Rhodopseudomonas palustris (8, 21, 43). How- 
ever, nitrification has not been reported for Bhstchacter dem- 
tr^iams (43), and the need for a systematic comparison of 
these enzyme ^tems is indicated. Three membm of this 
assemblage divide by budding, Rhodopseudomtmas pahtstriSf 
Blastobacter denitrificans^ and Nitrobacter spedes (35, 41, 46). 
Thus, the other members of this assembla^ should be reex- 
amined for this diaracteristic. Another conunon phenotypic 
theme of related bacteria is the intracellular habitat ofBiady- 
rhizobium japonicum and Afipia spedes (agents of cat scratch 
disease) (32). However, facultative or obligate intracellular 
associations are observed in a variety of the alpha-subdivision 
bacteria, including spedes of the genera Rickettsia^ Rochali- 
maea, and Brucella (55), and so should not be considered 
unique to the specific nitrobacter lineage. 

Related but physiologically distinct bacteria include the 
methylotrophs, Meth^otrophs are affiliated with the alpha, 
beta, and gamma subdivisions of the proteobacteria in dose 
peripheral relationship to both nitrite and ammonia oxidizers 
(Fig. 2 to 4). Within the alpha subdivision, MethyltAacterium 
spedes are the closest methylotrophic relatives of the charac- 
terized Nitrobacter spedes. They have similar intracytoplasmic 
membrane structures, a feature that ties them both to the 
phototrophs (13). A relationship between methane-oxidizing 
and ammonia-oxidizing species was earlier suggested by the 
capadty of ammonia monoo}^genase and methane monoosiy- 
genase to oxidize either ammonia or methane, but the evolu- 
tionary and eoophysiological significances of this oxidative 
flmbili^ are unresoWed (18, 33). NitriteKuddizing genera. 
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FIG. 4. Distaoce tree for the gamina subdiviskni of the proteqbao- 
teria. 



such as Nitrobacter, NUrospinay and Nitrococcus spedes, cannot 
oxidize methane (18). We call attention to similar peripheral 
affiliations of methyiotrophs with nitrifieis in the beta and 
gamma subdivisions but will not further address these relation- 
ships. 

The b«ta sobdmsion: the genera NUrosohbass^ Nitrosospintf 
NUrosovibHo^ NltrosomonaSy and Nitrasococeus, llie physiolog- 
ical differences of ammonia-oxidizing and nitrite-oxidizing 
bacteria are reflected by their mutually exclusive phylogcnetic 
positions as inferred by 16S rRNA sequence comparisons. 
However, since these sequences were independently reported, 
we restrict our discussion to general features of relationship 
between ammonia- and nitrite-oxidizing species and, when 
appropriate, differences in the independendy determined se- 
quences. The anunonia-oxidizing bacteria, with one exception 
(NitrosococoMS ouanus), constitute a monophyletic Ime of 
descent within the beta subdivision of the proteobacteria (98% 
bootstnq>). No described nitrite oxidizer has been placed in 
this subdivision. Previous 16S rRNA oligonucleodde data (57) 
indicated a high degree of genetic homogeneity among the 
ammonia oxidizers, and this is now confirmed by analysis of 
near-complete 16S rRNA sequences (17). A recent taxonomic 
treatment of the genus Nitrosomonas by Koops et al. (23) 
classified eight new species of Nitrosomonas, including Nitro- 
somonas marina. The 5 '-terminal sequence (ca. 500 nucleo- 
tides) of Nitrosomonas europaea ATCC 19718 is identical to 
that of strain C-31 (ATCC 25984). With reference to the 
ph)dogenetic relationships defined in Fig. 1 and 3, Nitrosococ- 
cus mobilis is encompassed by the now described genus Nitro- 
somonas. We suggest that taxonomic revision is necessary to 
include this additional information of phylogenetic relation- 
ship. 

The closest relatives to the beta-subdivision ammonia oxi- 
dizers are the iron-oxidizing bacterium CaUioneHa ferruginea, 
the photosynthetic Rhodocycius purpwruSy and methylotrophic 
bacteria (Fig, 3). The close relationship to the chemolithotro- 
phic GallioneUa fermgirtea is also reflected by an extensive 
intracellular membrane system, also found in some Nitrosomo- 
nas species, consisting (in part) of irregular tubes protruding 
into the c^oplasm continuous with the cytoplasmic membrane 
(30). The tubular membrane system of R purpureus also 



resembles those of CaUioneUa farugmea and some Nitrosomo- 
nas species, 

Nitrosospira briensis (strain C-128) is one representative of at 
least two, and probably five, different genospedes. Two groups 
of Nitrosospira species could be distinguished on the basis of 
their G+C contents (24). DNA hybridization daU allowed a 
further categorization into five species (24). However, support- 
ing 16S rRNA sequence data are not yet available. In this 
regard, there are 10 nucleotide differences between the se- 
quence of strain C-128 determined in this study and the 
previously published sequence for this strain (17). Eveiy 
mismatch was checked and resequenced, confirming the se- 
quence presented here. The character of the differences sug- 
gests that the differences arose from sequencing errors in the 
previously published sequence rather dian strain confusion. 
Thus, this genus is currently represented by only one 16S 
rRNA sequence. 

Nitrosolobus multiformis C-71 (ATCC 25196, type strain) 
represents one of two species defined by G+C content and 
DNA iQrbridization (24, 48). The 16S rRNA sequence of C-71 
was determined in this study and independent^ by Larsen et 
al. (29). These sequences are identical at all comparable 
positions; however, the previously published sequence (17) 
differs at six nucleotide positions. These differences should be 
noted for future determinative and taxonomic studies. In 
addition, partial sequencing of the 5' termini (ca. 300 nucle- 
otides) otN, multiformis ATCC 25198 revealed two differences 
at R coU positions 122 (A/G) and 187 (C/U). However, 
additional sequencing is needed to determine the need for 
taxonomic revision. 

A recent phylogenetic treatment of the ammonia oxidizers 
based on 16S rRNA sequence comparisons (17) reconmiended 
that the genera NitrosovibriOy Nitrosospira, and Nitrosolobus be 
combined in a single genus. Although we concur that these 
genera constitute a closely related assemblage, of lesser phy- 
logenetic depth than the described ^ecies of Nitrosomonas, we 
note that the ultrastructure of Nitrosolobus ((^omembranes 
that partial^ compartmentalize the cell) is distinct from those 
of Nitrosospira and Nitrosovibrio (both lacking an extenshre 
cytomembrane system) (46). Thus, although Nitrosovibrio and 
Nitrosospira spp. could be accommodated within a single 
genus, we recommend reconsideration of inclusion of M- 
trosolobus in such a revised taxonomic description. 

The gamma smlMSivislon: the genera Nitrosccoectss and Nitro- 
coccus. The gamma subdivision of the proteobacteria harbors 
the ammonia oxidizer Nitrosococcus ocearuis (strains C-107 
and C-27) and the nitrite oxidizer Nitrococcus mobilis (ATCC 
25380, type strain). This is the onfy example of both metabolic 
types occurring within the same subdivision (Fig. 1 and 4). 
Both species are found within the purple sulfur bacterial line of 
descent. 

Pl^iologically, the purple sulfur bacteria are divided be- 
tween those depositing elemental sulfur inside the cell {Chro- 
matiaceae) and those depositing sulfur outside (Ectothio- 
rhodospiraceae). This division corresponds to phylogenetic 
relationships as shown earlier by oligonucleotide comparisons 
(39). Nitrosococcus oceanus and Nitrococcus mobilis are both 
members of the ectothiorhodospira branch. These associations 
are reminiscent of those seen in the alpha and beta subdivi- 
sions and again suggest that nitrifying bacteria are derived 
firom photosynthetic ancestry. Simihurly, the mtracytoplasmic 
membrane ^stem of Nitrosococcus ocearuts resembles the 
stacked ectotiiiorhodospira type: several stacks in ectothiorho- 
dospira and one central stack in Nitrosococcus ocearuts. Nitro- 
coccus mobilis differs in having tubes randomly arranged in the 
^toplasm. Another similarity among them is common marine 
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origin. Nitrococcus mobilis^ Nitrosococcus oceanus^ and neaiiy 
all Ectothiorhodospira species require specific salt conditions 
for growth. The closest relative of Nitrococcus mobilis is a 
bacterium within the ectothiorhodospira lineage, Afhodomo- 
nas aquaeoleiy a recently described, aerobic, h^ophilic bacte- 
rium isolated from subterranean brine (1). The relatively close 
relationship between Nitrosococcus oceanus and Nitrococcus 
mobiUs raises the question of independent or derived origins of 
the corresponding ammonia- and nitrite-oxidizing enzyme 
systems. 

The delta snbdivision: the genera NItrospim and NUrospira. 
There were no precedents for assigning phylogenetic affilia- 
tions of the genera Nitrospirui and Nitrospim. The 16S se- 
quence of Nitrospira marina strain Nb-29S marks an early 
divergence within the delta subdivision of the proteobacteria. 
The two strains of Nitrospina gradUs, Nb-211 (Atlantic strain) 
and Nb-3 (Pacific strain), are closely related and define a 
second early dh^ergence within the delta subdivision. Neither 
genus is closely related to any known member of the delta 
proteobacteria (e.g^ Afyxococcus xantiuis or Bddhvibrio bacte- 
riovoruns) (Fig. 1). 

The affiliation of Nitrospina and Nitrospira with the delta 
subdivision is also supported by specific nucleotide signatures 
(55). Nitrospina gracilis and Nitrospira marirui share the se- 
quence motif CCrGACGCAGC(G/A)ACGCCG (£. coU 16S 
rRNA positions 385 to 402) common to all delta-subgroup 
sulfote reducers and also Af xanthus (2). Their distance from 
Nitrobacter species (alpha subdivision) and Nitrococcus mobilis 
(gamma subdivision) is reflected by different nitrite-oxidizing 
enzymes; none of the five major protein bands of the nitrite- 
oxidizing membrane of Nitrobacter hamburgensis (42) was 
detected in Nitrospira rruavta (47). 

In contrast to the other subdivisions, the delta subdivision 
contains no known phototrophs. The ancestor of this subdivi- 
sion is assumed to have lost its photosynthetic ability (55). The 
Nitrospina and Nitrospira species probably represent a type of 
nitri^ng metabolism that is not derived directly from imme- 
diate photo^thetic ancestry. Consistent with this view, the 
nitrite-oxidizing intracytoplasmic membranes conunon to 
other subdivision genera, thought to be derived from photo- 
synthetic precursors^ are ladung in Nitros^na and Nitrospira 
species. 

Siunmafy. Niirobacteriaceae is a polyphyletic family. Nitrite- 
and ammonia-oxidizing bacteria are widely distributed within 
the proteobacteria, demonstrating a phylogenetic diversity 
comparable to that previously reported for photosynthetic 
bacteria and sulfur- and iron-oxidizing chemolithotrophs (27). 
Although phylogenetically diverse, there are conunon themes. 
Notably, most of the nitrifiers are closely affiliated with pho- 
totrophs: Rhodopseudomonas palustris wiUi Nitrobacter species, 
Rhodocyclus purpureus with Nitrosomonas species, and Ectothi- 
orhodospira species with Nitrosococcus oceanus. This suggests a 
close evolutionary link between photosynthesis and nitrite/ 
ammonia oxidation. Both reactions are associated with intra- 
cytoplasmic membranes, and related nitrifying and photosyn- 
thetic species often share common membrane structural 
arrangement Although these data are consistent with the 
ammonia- or nitrite-oxidizing membrane systems being deriv- 
athre from photosynthetic membrane systems, the photosyn- 
thetic phenotype is widely distributed within the proteobacte- 
ria, and phylogenetic affiliation alone is only circumstantial 
evidence. Thus, these observations should primarily serve as an 
impetus to better establish the character of the postulated link. 

The close connection between photosynthesis and nitrite or 
ammonia oxidation also suggests the possible existence of 
anmioniaK>xidizing photosynthetic bacteria (10). Ammonia 



could be used by photosynthetic bacteria as an electron donor 
in a way analogous to sulfide: 13 NH4"^ + COj = (CH^O) + 
0.65 Na + HjO + 1.3 (AG** = 50 kJ). The possible 
existence of iron-oxidizing photosynthetic bacteria was postu- 
lated earlier on the basis of similar considerations, and repre- 
sentative bacteria were recenUy isolated (51). The suggested 
evolutionary progression is consistent with the conversion 
hypothesis (10-12). This hypothesis proposes that respiratoiy 
metabolism, both chemoorganotrophic and chemolithotrophic, 
has originated repeatedly via the independent conversion of an 
ancestral membrane-bound photosynthetic apparatus into a 
respiratoiy membrane. These conversions presumably oc- 
curred as oxidized compounds, produced by anoxygenic and 
oxygenic photosynthesis, became abundant (11). The puiple 
nonsulfur bacteria and some purple sulfur bacteria are viewed 
as transitional forms, photo^thetic bacteria with additional 
(limited) capabilities for aerobic respiration and heterotrophic 
metabolism (12). The phylogenetic (Uversity of nitrite-oxidMng 
and ammonia-oxidizing bacteria seems to reflect the relative 
ease of transition from photosynthesis to ammonia- and ni- 
trite-based chemolithotrophy. Each nitrifier retains the general 
structural features of the putative ancestor's photosynthetic 
membrane complex. Thus, the nitrifiers, as a group, are not 
derived from an ancestral nitrifying phenotype but appear to 
have arisen independentiy multiple times, possibfy from differ- 
ent photosynthetic ancestors. 
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